ABSTRACT
INTRODUCTION
Therapies proven to be effective in the treatment of choroidal neovascularisation (CNV) secondary to age-related macular degeneration (AMD) include laser treatment, photodynamic therapy, and anti-vascular endothelial growth factor (anti-VEGF) antibodies. [1] Radiation therapy has been previously studied as a treatment for neovascular AMD. [2] [3] [4] The use of radiation as a treatment modality is based on the concept that neovascular AMD is analogous to a proliferative wound healing process, [5] and proliferating cells are sensitive to the effects of radiation. [6] CNV complexes are histologically comprised of retinal pigment epithelium, vascular endothelium, local inflammatory cell populations, and fibroblasts. [7] The effects of radiation on normal and injured vasculature have been explored in multiple animal and human studies, [8, 9] mostly from the cardiovascular arena. Ionising radiation acts by forming free radicals (primarily from water molecules) that cause irreparable damage to the DNA backbone [10] and disrupt protein synthesis. The irradiated cell is unable to replicate; [6] however, it does not lose its cellular integrity or undergo necrosis. Radiation has been shown to induce endothelial cell loss in vivo [9] and reduce fibroblast proliferation and collagen deposition in vitro. [5] The apoptotic effect on the vascular endothelium and reduction in fibroblast activity of the CNV complex are not manifest with the use of anti-VEGF compounds alone.
Unlike previous studies in which large volumes of retina tissue were irradiated to achieve a therapeutic dose to the lesion, the current study used an investigational device (intraocular strontium-90 applicator) that placed the source into close proximity to the CNV complex. The rapid reduction in dose that is inherent to strontium-90 beta radiation limits exposure to the normal tissue surrounding the lesion (0.0039 Gy to the cornea, 0.0040 Gy to the conjunctiva, 0.0056 Gy to the lens, and 2.4 Gy to the optic nerve; NeoVista, Inc., data on file), allowing for normal vasculature to initiate successful repair processes and return to normal function quickly.
Anti-VEGF antibodies act by neutralising VEGF-A, a diffusible protein that promotes angiogenesis and vascular permeability. [11] Anti-VEGF agents, such as bevacizumab and ranibizumab, exert their effect rapidly in most patients by promoting a reduction or elimination of fluid; [12] however, they require repeated injections to sustain an effect. Unlike the acute response observed with anti-VEGF therapy, the mechanism of action for radiation therapy predicts a delayed response in neovascular tissues with longer duration of effect. [13, 14] As both therapies target the disease utilising different mechanisms of action, there is scientific rationale for combining the therapies to produce a more durable and potentially superior response. [15] The current study was designed to evaluate the safety and feasibility of epiretinal brachytherapy with strontium-90, delivered concomitantly with intravitreal bevacizumab for the treatment of subfoveal CNV secondary to AMD. 
MATERIALS AND METHODS

Study design
In this prospective, nonrandomised, multicentre pilot study, patients with predominantly classic, minimally classic, and occult (with no classic) CNV received a single treatment with 24 Gy brachytherapy using an investigational medical device (intraocular strontium-90 applicator; NeoVista, Inc., Fremont, California) and two injections of the anti-VEGF antibody bevacizumab. Only 1 eye per patient received the investigational treatment.
Patients were enrolled in 1 of 2 groups that varied with timing of the delivery of the first bevacizumab injection. In Group 1, the first injection was delivered at 10±4 days before surgery, and in Group 2, the first injection was delivered at the time of surgery (after radiation delivery). Patients in both Group 1 and 2 received a second injection at 1 month after surgery.
Patient eligibility criteria
Only patients who provided informed consent and signed an ethics committee-approved informed consent form were eligible for screening. To be enrolled into the study, patients had to be at least 55 years of age; have an ETDRS (Early Treatment Diabetic Retinopathy Study) best-corrected visual acuity (BCVA) of 20/40 to 20/320 (ETDRS Snellen equivalent) in the study eye; have evidence of recent lesion activity documented by fluorescein angiography; have subfoveal CNV secondary to AMD (predominantly classic, minimally classic, or occult lesion subtype); have lesions that are composed of at least 50% CNV; and have a maximum lesion size of 12 Macular Photocoagulation Study disc areas. A complete list of eligibility criteria is included in Appendix I.
Treatment
Clinical centres followed the same epiretinal brachytherapy treatment protocol as reported previously (Ávila et al, submitted 2007). The active source of beta radiation was strontium-90 (29-year half life) in equilibrium with yttrium-90 (64-minute half life), the latter being the daughter product of strontium-90 after beta decay. The radiation source was within a sealed canister, laser welded to a positioning wire that was stored within the handpiece. The position of the radioactive source was controlled by a slide mechanism attached to the positioning wire. When the mechanism was in the retracted (storage) position, the source was shielded by a Densimet (tungsten alloy) and aluminium thoreus shield. In the engaged (treatment) position, the radioactive source was deployed to the tip of a stainless steel cannula where there was minimal shielding (0.1 mm stainless steel), allowing the strontium-90/yttrium-90 radiation to treat the CNV. The cannula was plugged at the tip creating a sealed system and preventing direct contact with intraocular tissues. The radioactive material was always fully enclosed within the device and was delivered to the retina for less than 5 minutes.
Bevacizumab (Avastin ® ; Genentech, South San Francisco, California) was compounded by an independent pharmacy (Brazil) or within the clinic (Mexico) and delivered as 1.25 mg (0.05 mL) aliquots for intravitreal injection. 
Study endpoints
Safety parameters to be evaluated included incidence and severity of ocular adverse events identified by eye examination, including imaging studies as well as visual acuity (VA). Stereo fundus photography was also reviewed. Incidence and severity of other reported adverse events were also evaluated.
Although this pilot study was not designed to determine efficacy, preliminary effectiveness was evaluated by BCVA as assessed by the ETDRS chart read at 2 m, CNV lesion size and leakage as assessed by fluorescein angiography, and retinal thickness as assessed by optical coherence tomography (OCT). Patients will be followed up for 36 months to evaluate long-term safety.
Data analysis
Data were collected on case report forms. Safety and efficacy analyses were performed on all available data from the intent-to-treat (ITT) population, which included all enrolled patients.
RESULTS
Demographics and study population
A total of 34 patients were enrolled at 3 sites in Mexico (1 site) and Brazil The mean age was 71.8 years (range, 51 to 91 years), consistent with the natural occurrence of the disease in the general population. There were more women than men enrolled (65% vs 35%), consistent with the natural predominance of the disease in women. Angiographic lesion classification was not equally distributed, with 50% of subjects presenting with the occult subtype.
Due to poor compliance in the timing of the first injection for Group 1, the data are inconclusive as to whether there is a difference between groups with regards to timing of the initial bevacizumab injection. Safety and efficacy data are therefore presented as a combined population of Groups 1 and 2.
Of the 34 patients enrolled, 24 met the protocol-specified eligibility criteria. Three patients had lesion sizes at baseline that were larger than 5.4 mm. Two patients did not have lesions that involved the subfoveal space. Three additional patients did not meet lesion eligibility criteria for various reasons (lesion was all scar, lesion was a serous pigment epithelial detachment, lesion was retinal vascular disease and not AMD). One patient had prior evidence of laser treatment, and 1 patient was less than 55 years of age. Although these patients did not meet the eligibility criteria, they were evaluated in both the safety and efficacy analyses (ITT population).
Safety
All adverse events are listed in table 2. In the first 12 months of follow up, there were no instances of radiation-induced toxicity or adverse events attributed to radiation exposure with the intraocular strontium-90 applicator. Adverse events reported related to the device or procedure included subretinal haemorrhage (1/34), retinal tear (1/34), subretinal fibrosis (2/34), epiretinal membrane (1/34), and cataract (6/24; 24 patients were phakic at baseline). The subretinal haemorrhage, reported at the time of treatment, was outside of the lesion area and deemed to be related to the device. The retinal tear, reported at 1 week, was also deemed to be related to the device. The tear occurred in a patient who had a large serous pigment epithelial detachment at the time of enrolment into the study. One case of subretinal fibrosis, reported at the 3-month follow-up visit, was deemed to be related to the vitrectomy procedure. The other case of subretinal fibrosis, reported at the 2-month follow-up visit, was deemed possibly related to both the device and the procedure. The epiretinal membrane, reported at the 3-month follow-up visit, was also deemed possibly related to both the device and the procedure. Cataract incidence was 25% (6/24) in the first 12 months of follow up (calculated from the number of phakic patients at baseline). All occurrences of cataracts were deemed to be related to the vitrectomy procedure.
Eight patients showed evidence of lesion reactivation based on OCT and fluorescein angiographic criteria and required additional injections of bevacizumab; 1 patient after the 2-month follow-up visit, 1 after the 3-month follow-up visit, 5 after the 6-month follow-up visit, and 1 after the 9-month follow-up visit. One of the patients who showed evidence of lesion reactivation after the 6-month follow-up visit showed continued evidence of lesion reactivation and received an additional injection of bevacizumab at the 9-month follow-up visit as well.
Visual acuity
At month 12, the mean change in BCVA from the baseline visit in the ITT population (all available data; N=34) treated with 24 Gy brachytherapy and bevacizumab was a gain of 8.9 letters of vision (fig 1) . The peak mean BCVA for the population, a gain of over 15 letters (3 lines), was reported at the month 3 visit. This is consistent with studies of anti-VEGF therapy, which demonstrated greatest VA improvements within the first 3 months. [11, 16, 17] At month 12, 91% (31/34) of patients treated with 24 Gy brachytherapy and bevacizumab lost fewer than 15 letters and 68% (23/34) had stable or improved vision (fig 2) . Most impressively, nearly 40% (13/34) of patients experienced a clinically significant improvement in vision at month 12, defined as a gain of 15 or more letters (3 lines).
Central retinal thickness/lesion thickness
Baseline OCT (Carl Zeiss Meditech) was performed for 94% (32/34) of patients; the mean central retinal thickness/lesion thickness (CRT/LT) was 321.5 ± 103 microns. At month 12 there was a 71.8 micron reduction in CRT/LT to 249.7 ± 81microns (fig 3) in the ITT population (last observation carried forward).
DISCUSSION
The current study evaluated the short-term safety and feasibility of combined intraocular epiretinal strontium-90 brachytherapy and bevacizumab therapy for the treatment of CNV secondary to AMD. The investigational device used in this trial delivered focal, lowdose beta radiation from a strontium-90 source to the CNV complex. Strontium-90 is a suitable isotope for the treatment of neovascular growth within the intraocular compartment since it has a limited depth of penetration and its energy rapidly dissipates as a function of distance from the source. Unlike other radiation approaches, which deliver high-doses and/or irradiate large areas of tissue, the current approach limits radiation exposure to a defined region surrounding the target tissue, with little damage to adjacent, normal tissues. Complications resulting from radiotherapy, such as radiation retinopathy, are often associated with exposure to higher doses of radiation than what was delivered in this study. [18] The threshold for radiation damage is estimated to be greater than 50 Gy, [19] [20] [21] and the dose of beta radiation used in this study is well below that level.
The safety of epiretinal brachytherapy delivered using the investigational device was previously examined in a prospective, nonrandomised, multicentre pilot study in patients with CNV secondary to AMD (eight treated with 15 Gy and 26 treated with 24 Gy) (Ávila et al, submitted 2007). These patients have now been followed for 24 months with no reports of radiation retinopathy. Consistent with those findings, there were no reports of radiation retinopathy during the first year of follow up in the current study (patients will be followed up for 36 months). Adverse events deemed to be associated with the device or the procedure included subretinal haemorrhage, retinal tear, subretinal fibrosis, epiretinal membrane, and cataract. Although the retinal tear was deemed by investigators to be related to the device, it was not noted at the time of surgery and could have been due to bevacizumab injection. The phenomenon of retinal pigment epithelial tears in patients treated with bevacizumab who have pigment epithelial detachments has been well documented in the literature. [22] The peak mean change in BCVA for the population, a gain of over 15 letters (3 lines), was reported at the month 3 visit and stabilised at approximately 9 letters between month 6 and month 12. This same pattern of early improvement followed by a stable response was observed in a previously reported study of the device alone (Ávila et al, submitted  2007 ). An earlier trial evaluating combination therapy with intravitreal ranibizumab and verteporfin photodynamic therapy reported that 91% of patients receiving combination therapy lost fewer than 15 letters after 1 year and 24% gained at least 15 letters. [23] In addition, patients gained a mean of 4.9 letters from baseline, suggesting that preliminary results with combination therapy using epiretinal beta radiation therapy may be comparable to findings from other combination anti-VEGF trials.
The rationale supporting a synergistic response with a combination regimen of radiation and antiangiogenic therapy is based on a two-pronged approach for treating the CNV complex: antiangiogenic therapy inhibits growth factors present in the local region and radiotherapy kills or disables the local inflammatory cell population and eventually the endothelial cells of the neovascular vessel. Together, the combination of these two effects may allow for faster and more complete recovery of functional vision. This small pilot study showed encouraging results with a single application of epiretinal beta radiation and 2 injections of anti-VEGF antibody. Based on the outcome of this study, this combination regimen is now being evaluated in a large, multicentre, phase III study.
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FIGURE LEGENDS
Figure 2
Proportion of intent-to-treat population with a loss of best-corrected visual acuity (<15 letters), unchanged or improved best-corrected visual acuity (≥0 letters), or a gain of best-corrected visual acuity (≥15 letters) after treatment with 24 Gy brachytherapy plus bevacizumab. 
